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We have analyzed the energetics of decay of the X~ trion (exciton + electron) on the assumption that the 
exciton and trion are independent excitations of a single two-dimensional semiconducting quantum well. For the 
first time, it has been shown that in filling a well with electrons from a selective donor-doped matrix, the binding 
energy of the trion (of the electron with the exciton) increases linearly with a shift of the Fermi level into the 
depth of the c band. This agrees with the well-known experimental data on the low-temperature radiative decay 
(photoluminescence) of trions in the heterostructures ZnSe/Zno.89Mgo.nSo.i8Seo.82 and CdTe/Cdo.7Mgo.3Te. 
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In [1, 2], radiative decay of trions (negative ions of exci- 
tons [3]) in a single quantum well of width L z = 8 nm in the 
semiconductor structures ZnSe/Zno.ggMgo.nSo.isSeo^ 
and CdTe/Cdo.7Mgo.3Te was investigated at a temperature 
of 1.6 K by the methods of magnetooptics. Conduction elec- 
trons "were supplied" to the quantum well (see Fig. 1) from 
a chlorine-doped 3 nm- thick <5-layer located in the matrix at 
a distance of 10 nm from the quantum well [2]. Studies of 
the reflection and photoluminescence spectra of the quantum 
wells of ZnSe and CdTe have revealed that the intensity of 
the trionic line and the binding energy of the trion in the 
wells with a larger concentration of conduction electrons is 
higher, whereas that of the exciton is lower, than in the case 
of wells with a smaller concentration of electrons. The in- 
crease in the binding energy of the triorQ with increase in 
the concentration of conduction electrons is explained [1,2] 
by the interaction of exciton and trion excitations of the well 
(having captured an additional electron, the X exciton is con- 
verted into the X~ trion, while the trion that lost the electron 
is converted into the exciton), i.e., by jumps of the electron 
from the trion onto the exciton. However, quantitative evalu- 
ations by the above model were not presented. 

We will analyze the luminescence of trions and exci- 
tons using as an example the quantum well of ZnSe. The 
forbidden-band width of the considered quantum well at 
L z = 8 nm with account for dimensional quantization [5] 
is E g w 2840 meV. According to [2], the rupture of the 
c band for this structure is Vq — E\ » 100 meV, which is 
larger than the ionization energy of donors (CI atoms in the 
Zno.89Mgo.nSo.i8Seo.82 matrix). In the ZnSe single crys- 
tal, the energy of the detachment of an "optical" electron 
from a chlorine atom is E& « 26 meV [6], so that the two- 
dimensional concentration of the conduction electrons n in 
the quantum well is equal to that of the completely ionized 
hydrogen-like donor impurity A^+i in the matrix. 
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1 The calculation of the dependence of the ground state energy of the X~ 
trion (exciton + electron) and of the X + trion (exciton + hole) in a two- 
dimensional quantum well as functions of the ratio between the masses 
of the electron and hole is given in [4] . 
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FIG. 1. Band diagram of the single ZnSe quantum well investigated 
in [1, 2]. Open circles are holes; solid circles are electrons; X is an 
exciton, X~ is a trion; E g ~ 2840 meV is the forbidden-band 
width; i5cx is the binding energy of the exciton; E a is the energy 
of separation of the electron from the X~ trion; I u is the binding 
energy of one electron in a trion for the c band of the quantum well 
barely filled with electrons (Ef = 0); E4 is the mean ionization 
energy of the donor (CI atom) in the matrix. 



According to [1], with increase in the concentration 
of two-dimensional electrons from n — 10 9 cm~ 2 to 
5-10 11 cm~ 2 , the binding energy of the trion E a (the bind- 
ing energy of the electron with exciton) increases from 4.5 
to 6.3 meV for the ZnSe well, and from 2.7 to 5.1 meV for 
the CdTe well. At the same time, as the concentration of the 
two-dimensional conduction electrons increases, the binding 
energy of the two-dimensional exciton E ex decreases. 

According to [7], the decrease in the binding energy of 
the exciton E ex with increase in n can be associated with 
screening of the Coulomb interaction between the hole with 
an electron and the filling of the pulse space with two- 
dimensional electrons. With increase in the concentration 
of electrons in the quantum well, the photoluminescence line 
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that corresponds to the trion decay is then shifted to the long- 
wave region, i.e., the trion binding energy is increased. This 
is in contradiction with the idea that the screening by con- 
duction electrons must break a trion [1-3]. 

We suggest explaining the increase [1] in the binding en- 
ergy of a trion with increase in the concentration of conduc- 
tion electrons in a single quantum well as an analog of the 
Auger procesfl that is manifested in radiative decay of the 
trion. We carry out a quantitative evaluation of this effect, 
proceeding from the energy conservation law for the parti- 
cles participating in recombination with account for a partial 
filling of the states of the c band in the quantum well with 
conduction electrons. 

At the temperature T — >• 0, the binding energy of a trion 
Etx in the quantum well is the difference between the energies 
of the finite state (of the exciton with total energy Ex and of 
the electron in the c band with kinetic energy Ep counted 
from the first quantum level E\ ) and the initial state (of the 
trion with total energy E x -)' 

E a = Ex + Ep — E x - = Itr + Ep, (1) 
where I tr = Ex — E x - is the binding energy of a trion in 
relation to disintegration into an exciton and an electron with 
zero kinetic energy (Ep = 0) and the total energy E\, i.e., for 
a vanishingly small concentration of conduction electrons in 
the quantum well. 

In formula (1), it was taken into account that the kinetic 
energy of the electron that passed into the c band of the quan- 
tum well on disintegration of a trion into an exciton and an 
electron cannot be smaller than Ep, since at T = all the 
states below the Fermi level are occupied by electrons. As 
the temperature rises, the quantity E a decreases because of 
the smearing of the boundary between the occupied and free 
states of the c band. 

Theoretical evaluations of the ratio J tt / J ex , where 7 e x is the 
binding energy of an exciton E ex at the zero concentration of 
two-dimensional electrons, are given in [4]. 

Let us consider the energetics of the decay of a trion (a 
bound state of a hole and two electrons) in a quantum well 
in much the same way as was done in [12] for the ionization 
energy of hydrogen-like impurities in a crystalline semicon- 
ductor depending on their concentration (see also [13]). On 
total decay of a trion, one electron goes into the c banc0, 
with its kinetic energy being equal to the Fermi energy Ep or 
larger, while another electron recombines with a hole of the 
v band emitting a photon with energy haj a . With account for 
expression (1), this gives 

hhj a « hu^ - E tr = hoj ex - 4 - Ep, (2) 



2 The Auger effect (process) is a three-particle process which is manifested 
in recombination of an electron of the c band with a hole of the v band 
when all the energy (or a portion of it) liberated in this case is transferred 
to another electron of the c band [8-1 1]. 

3 An analogy with the superconductivity of metals [14]: the formation of 
Cooper pairs (of an energy gap A) leads to a situation where the con- 
duction electron requires the additional energy to occupy the free state 
above the Fermi surface. The part of the Cooper pairs in the quantum 
well is played by the layer of states (filled with electrons) between the 
first quantum level E\ and the Fermi level _Ep. 



where E g — E ex = hoj ex is the photon energy liberated in 
radiative recombination of an exciton with the binding en- 
ergy E ex in a quantum well; E tl - m fuo ex — huj a is the binding 
energy of a trion. 

From relations (1) and (2) it follows that with increase 
in the concentration of conduction electrons in a quantum 
well (against a neutralizing background of positively charged 
donors), the Fermi energy Ep > increases, as a result of 
which E tI increases, while haj tr decreases. This can be inter- 
preted as an analog of the Auger process [8-11]: a portion 
of the energy released as a result of recombination of the 
electron-hole pair is transferred to the electron that goes into 
the unoccupied state of the c band with kinetic energy Ep. At 
the same time, the radiative decay of a trion is also similar to 
the Burstein-Moss shiftQ 

Now, we evaluate the energy of the transverse motion of 
electrons and the Fermi level Ep in the quantum well pre- 
sented in Fig. 1. 

The energy of the jth quantum-dimensional level Ej of 
the transverse motion of an electron with effective mass to 
in the quantum well of depth Vq and width L z can be found 
from the following transcendental equation [15-17]: 
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where m\, is the effective mass of the electron in the matrix; 
h = h/2ir is the Planck constant. 

Figure 1 presents the calculated (from Eq. (3)) levels E\ « 
w 21 meV and E2 ~ 78 meV that were counted from the 
bottom of the quantum ZnSe well of depth Vq ~ 121 meV 
for TOb ~ to 0.15too; E\ p ps 7 meV is the first quantum 
level of the transverse motion of a heavy hole with effective 
mass TO p w 0.6too in the well Vo p ~ 107 meV. 

When only the first quantum level is filled, the coupling 
between the two-dimensional concentration of electrons n in 
the quantum well and the Fermi level Ep for the temperature 
has the form [17-19] 

to 

n = ~T2 E F- W 

7m z 

We note that formulas (3) and (4) are obtained on the as- 
sumption of the local electrical neutrality, i.e., when both the 
electrons and ionized donors with the two-dimensional con- 
centration A^ + i = n are located in the quantum well. In 
accordance with [18], in calculating the Fermi level Ep in 
the quantum well for T — > 0, we can restrict ourselves to the 
filling of only the first quantum level (J — 1) with the con- 
duction electrons, when n < 3tt/2LI — 7.4-10 12 cm' 2 for 
L z — 8 nm. 

The ground state of the trion is singlet [20], since the two 
electrons that compose the trion have oppositely directed 



4 The Burstein-Moss shift [8-11] consists of the increase in energy needed 
for excitation of an electron from the v band to the c band during the 
filling of the states of the c band due to the strong doping of the semi- 
conductor. Here, as the concentration of conduction electrons grows, the 
edge of the optical self-absorption is shifted toward the high energies by 
the same quantity as the Fermi level into the c band. 
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10 9 to 5-10 11 cm~ 2 , the internal electric field F changes 
from 240 to 1.2-10 5 W/cm. Since this field is confined in 
the main beyond the quantum well and the electron density 
is shifted to the well wall (toward the <5-layer of the donors), 
this is equivalent to a certain decrease in the well width L z . 

Thus, proceeding from the energy conservation law and an 
analogy with the Auger effect, for the first time a quantita- 
tive description has been given for the increase in the binding 
energy and for the shift in the trion photoluminescence line 
to the low-energy region on increase in the concentration of 
conduction electrons in a single quantum well. The consid- 
eration is carried out for T —> 0, i.e., in the limit of the zero 
energy of the translational motion of the trion and exciton in 
the quantum well plane. 



FIG. 2. Dependence of the change in the trion binding en- 
ergy on the position of the Fermi level Ef counted from 
the first quantum level Ei in the c band for the ZnSe and 
CdTe quantum wells at T = 1.6 K. Experimental data [1]: 
a) ZnSe/Zn .89Mg .iiSo.i8Se .82, b) CdTe/Cd .7Mg .3Te. Line, 
the values of E„ — la = Ef calculated at T — ► from formula (1) 
with J tr = 4.5 and 2.7 meV for a and b, respectively. 



spins. As a consequence, according to [1, 2], in a strong 
enough magnetic field B, when all the conduction electrons 
in the quantum well are spin-polarized, the trion can be man- 
ifested only in one circular polarization of the photons which 
interact with it. The degree of the circular polarization of the 
trion line in the reflection spectra has a maximum at an odd 
number of the filled Zeeman components of the Landau lev- 
els [11]: 

2mE F 2nh 

» = 2a+1 = J^B= n ^ (5) 
where a — 0, 1, ... is the number of the Landau level of the 
conduction electrons in the quantum well, which is located 
in the perpendicular magnetic field. With an even number 
v = 2 (a + 1) of filled Landau sublevels, the circular polar- 
ization degree of the trion line is minimum. 

Figure 2 presents the dependence of the change in the 
binding energy of a trion haj ex — hbj tI — I tr on the position 
of the Fermi level (concentration of conduction electrons) 
in quantum wells. It should be noted that the values of the 
Fermi level E? plotted on the abscissa axis were determined 
from the experimental data on the polarization degree of the 
trion lines in the reflection and absorption spectra by using 
formulas (4) and (5) [1, 2] (Fig. 2). 

Expressions (4) and (5) can be applied only in the case 
where the electric field between the quantum well and the 5- 
layer of donors in the matrix does not influence the energetics 
of optical processes in the quantum well. The electric field 
strength F between the quantum well and the <5-layer (see 
Fig. 1) can be evaluated from the formula for a plane capac- 
itor F = en/e^eo, where —en < is the two-dimensional 
density of the negative charge in the quantum well equal to 
the density of the positive charge of the donors +eN + i > 
in the <5-layer of the matrix; e r = 7.6. Then, as the electron 
concentration of electrons n in the ZnSe well increases from 
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